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The overall aim of this study was to provide new and updated information about
subterranean termite morphology and digestive physiology. Scanning electron
microscopy was used to obtain high resolution images of morphological features of the
termite cuticle not discernable by light microscopy. In addition, digital scanning electron
micrographs clearly show the appearance of wood particles recovered from the termite
digestive tract at different stages of digestion. The ability of termites to obtain and
conserve nitrogen in their diet was demonstrated by establishing whether the insect can
digest chitin, as well as from determination of levels of soluble proteins and uric acid in
the feces. Finally, a technique for determining the efficiency of cellulosic food digestion
was tested.
Scanning electron microscope images of alate abdomens showed similar
appearance of cuticular structures between two subterranean termite species. In addition,
the high magnification of electron microscopy allowed for identification of a pair of
cuticular structures in the vicinity of the female genitalia that had not been reported from
previous light microscope studies. Scanning electron microscopy also revealed the
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appearance of wood undergoing degradation as it traverses worker termite digestive tract,
showing detail not possible from light microscope images.
Adult workers of a native termite species were found to produce the enzymes
needed to digest chitin, a nitrogen containing polysaccharide ingested by termites.
Specific activity of chitinase was subsequently determined to establish the efficiency of
chitin digestion for the termite species tested. As termites are coprophagous, significant
levels of proteins measured from the feces demonstrated an additional potential dietary
nitrogen source. Uric acid was generally found to be absent from termite feces, however.
Digestive efficiency of wood cellulose could not be determined for Formosan termites
due to the inability to obtain sufficient feces for quantification of undigested food
contained in it. Previous studies of Formosan termite digestive efficiency did not address
difficulty in obtaining feces for assay. Therefore, interpretation of data from earlier
studies of Formosan termite digestive efficiency should be viewed with caution.
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CHAPTER I
INTRODUCTION
Termites are economically important insects, with the majority of species in the
United States regarded as pests (Su and Scheffrahn, 1990). Two subterranean termite
species (family Rhinotermitidae) occurring in Mississippi, Reticulitermes flavipes Kollar
and Coptotermes formosanus Shiraki, are regarded as a serious threat to wooden
structures (Su and Scheffrahn, 1990). Other subterranean termites found in the state are
Reticulitermes virginicus Banks, R. hageni Banks, and a species that received formal
recognition recently, R. malletei Clement.
Subterranean termites comprise one of six families of lower termites. Termites
are designated as either lower or higher termites based on differences in the digestive
system. Specifically, lower termites harbor cellulolytic protozoa in the digestive tract,
whereas higher termites do not. The core food of lower termites is dead wood, with a
preference for partially rotted wood (Noirot and Noirot-Timothee, 1969). Very little
nitrogen is contained in wood. Termites obtain nitrogen from nitrogen fixing bacterial
symbionts harbored in the insect’s hindgut, as well as from uric acid digested by other
bacterial symbionts there (Breznak and Brune, 1994). Possible sources of uric acid for
digestion by uricolytic bacteria include cannibalism, and perhaps fat body stores
mobilized to the hindgut (Breznak, 2000). Chitin may also provide termites with
nitrogen (Waller and LaFage, 1987), with ingested cuticle from cannibalism and fungi
ingested with rotted wood potential dietary chitin sources.
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Cellulose is a straight chain polysaccharide made up glucose molecules covalently
bonded by beta linkages. Hydrogen bonding occurs between parallel cellulose
molecules, resulting in a crystalline structure (O’Sullivan, 1997). Efficient degradation
of cellulose to glucose requires a combination of three enzymes, which are
endoglucanases, exoglucanases, and beta glucosidases (Nation, 2002). Bacteria, protozoa,
and fungi are known to produce each of these enzymes. Endocellulase and beta
glucosidase are produced by termites, but not exocellulase. Endocellulase produced by
lower termites may function to increase wood digestibility by protozoan symbionts
harbored in the hindgut (Nakashima et al., 2002), and may degrade some cellulose
without exocellulase (Slaytor, 2000).
Populations of protozoa in lower termite digestive tract digest cellulose (Trager,
1932; Hungate, 1938). Different species of termites harbor different combinations of
protozoa species. When these symbionts are removed from the gut, wood is not digested
in significant quantity, resulting in starvation of the insect. Bacteria, archaea, and yeasts
also occur in the termite gut, some of which digest cellulose (Li et al., 2006).
Besides cellulose, other wood polysaccharides, collectively termed
hemicelluloses, are also digested by protozoa (Yoshimura, 1995; Smith et al., 2007).
Larger protozoa of C. formosanus engulf wood particles and thoroughly digest wood
polysaccharides, but not much lignin (Yoshimura, 1995). Wood particles take about 24
hours to pass through termite gut (Breznak, 1982), most of that time being digested in
hindgut. Some studies of digestive efficiency of various termite species have concluded
that the majority of both cellulose and hemicelluloses are digested (Itakura et al., 1995;
Hyodo, 1999; Katsumata et al., 2007).
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Carbohydrase activity varies throughout the termite gut and between different
species (Mo et al., 2004). Data varies between studies for levels of activity for particular
carbohydrases from different gut regions of the same species. For example, C.
formosanus has been described as having a different distribution of endocellulase in its
gut compared to other Rhinotermitidae, with high activity throughout (Mo et al., 2004).
However, other studies have reported varying carbohydrase activity in different gut
regions. Examples include Nakashima and Azuma (2000) who reported that most
endocellulase activity measured from C. formosanus is from salivary glands, and another
study reporting most beta glucosidase activity occurs in midgut (Itakura et al., 1997).
Particular enzymes effect a chemical reaction on a specific region of a
biomolecule (Lehninger et al., 2005). Thus enzyme activity can be determined for a
particular substrate from an enzyme mixture. Cellulose, which requires the action of
three enzymes for release of glucose monomers, can be assayed either for the activity of
all enzymes working in combination, or for individual enzymes. Combined cellulase
activity can be measured using a cellulosic substrate such as filter paper (Urbanszki et al.,
2000). For assay of individual enzymes, endocellulase activity can be determined using a
substrate of carboxymethyl cellulose, and beta glucosidase activity determined using
cellobiose. Amounts of sugars released from cellulase and hemicellulase activity assays
are commonly measured by the dinitrosalicylic (DNSA) colorimetric reducing sugar
assay.
Lower termites are dependent for survival on protozoa species found in the
hindgut, which occur nowhere else. Formosan subterranean termites (Coptotermes
formosanus Shiraki) harbor three species of protozoa in its hindgut. The largest of these,
Pseudotrichonympha grassi, is visible to the naked eye. It congregates at the forward
3

region of Formosan termite hindgut, engulfing and digesting cellulose and other wood
polysaccharides, and expelling undigested lignin via exocytosis (Yoshimura, 1995). A
smaller protozoa species in Formosan termite gut, Hodomastigitoides hartmanni, is
evenly distributed through the hindgut (Lai, 1983). Hodomastigitoides hartmanni
appears to have different dietary requirements than P. grassi. Specifically, P. grassi dies
when the termite host is fed low molecular weight cellulose, while H. Hartmanni
continues to thrive. The third species of protozoa in Formosan termite hindgut,
Spirotrichonympha Liedyi, is diminutive in size compared to the other two. It tends to be
found more toward the rectum. Rather than engulfing solid food particles, it has been
hypothesized to be a “scavenger”, obtaining solubilized nutrients present in the hindgut
fluid (Yoshimura, 1995).
Changes in cellulose and wood structure upon passage through lower termite gut
has been described in past studies from observations using light microscopy, scanning
electron microscopy, and transmission electron microscopy (Yoshimura, 1995; Yamaoka
and Nagatani, 1977). These studies reported changing shape of food passing through the
gut, as well as the size and type of food engulfed and digested from protozoa, and time
taken for transit of food particles through the gut. Wood particles ingested by Formosan
termites are less than 100 microns in length (Yoshimura, 1995; Itakura et al., 1995).
Smaller microscopic-sized wood particles have increased surface area upon which
carbohydrolases can act (Watanabe and Tokuda, 2001). Wood particles undergoing
digestion have a porous structure, making additional surface area available upon which
digestive enzymes can act (Matsumura et al., 1977).
Excess nitrogen from metabolism of protein and purines must be excreted by
animals. For insects, nitrogenous wastes produced for excretion in insect feces are
4

primarily ammonia or uric acid (Cochran, 1985; Chapman, 1998). Ammonia is often the
primary nitrogenous waste product for insects that live in aquatic or very moist
environments. For insects that live in dry habitats, need to conserve body weight for
flight, or have a dry diet, uric acid is typically the main nitrogenous waste produced
(Chapman, 1998; Cochran, 1985). Nitrogenous wastes in insect feces have been
determined for various orders. Blattaria is the best studied, with varying proportions of
uric acid and ammonia identified for many cockroach species (Cochran, 1985). In
addition to uric acid excretion in insect feces, the molecule accumulates in cockroach and
termite fat body, a process that has been described as storage excretion (Chapman, 1998).
Many cockroach species harbor uricolytic bacteria in fat body that substantially digest
accumulated uric acid (Cochran, 1985). Termites also store uric acid in fat body, but
only one species, Mastotermes darwiniensis, also harbors uricolytic bacteria there.
Therefore, no uricase is present for uric acid digestion in fat body of most termite species
(Potrikus and Breznak, 1980a and 1980b). Populations of uricolytic bacteria occur in
termite hindgut, however. Uricolytic bacteria identified from Reticulitermes flavipes
hindgut likely digest most uric acid that reaches them, subsequently preventing uric acid
inclusion in the feces (Potrikus and Breznak, 1980a and 1980b). Laboratory populations
of R. flavipes can accumulate uric acid in fat body in very high quantity (Potrikus and
Breznak, 1980a and 1980b; Arquette et al., 2006). If fat body uric acid is mobilized to
hindgut, it would be a source for metabolism by uricolytic gut bacteria. However,
conflicting theories persist as to whether uric acid in termite fat body is stored there
permanently, or can be mobilized to hindgut via Malphigian tubules (Breznak, 2000;
Slaytor and Chappell, 1994; Slaytor, 2000).
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Protein in termite feces may be a source of dietary nitrogen for termites (Nation,
2002), although levels of protein from termite feces have not been reported. Bacteria
might be a source of protein in termite feces (Nation, 2002), and enzymes or proteins that
pass through the termite tract without being digested may also be sources.
Descriptions of external termite reproductive parts have been presented from
observations made by light microscopy in a handful of studies and review articles, mainly
for females (Geyer, 1951; Tuxen, 1970; Matsuda, 1976; Belyaeva, 2006). Each of these
contained descriptions and drawings of external reproductive structures from light
microscope observations. Belyaeva (2006) provided descriptions of female genitalia of
numerous termite families and species, including subterranean termites. Geyer (1951)
provided detailed description of both internal and external structures of some African
termite species, while Roonwal (1970) described the reproductive structures for the
Australian termite Mastotermes darwiniensis. None of these studies provided conclusive
information on the morphology of external male reproductive parts. Roonwal (1970)
described the male gonopore of termites as usually flush on the intersegmental membrane
between sternites 9 and 10, with an invaginated, membranous penis. Reproductive
structures of termites have not been described from electron micrographs.
Cellulose and chitin are the most abundant biopolymers in nature. Chitin is
mainly found in arthropod cuticle and fungal cell wall, as well as nematode eggshell
(Merzendorfer and Zimoch, 2003). Cellulose and chitin are chemically similar. Both are
straight chain polysaccharides, with glucose subunits comprising cellulose, and Nacetylglucosamine for chitin. Glucoside molecules for each of these polysaccharides are
linked together by beta 1, 4-glycosidic bonds. Parallel strands of cellulose and chitin
hydrogen bond together, forming bundles (O’Sullivan, 1997; Merzendorfer and Zimoch,
6

2003). A main difference between cellulose and chitin is that cellulose contains no
nitrogen, whereas glucoside monomers of chitin contain an N-acetyl group. Nitrogen
content of chitin is about 7 percent, which could be utilized in the termite’s metabolism if
digested in the insect’s gut (Waller and LaFage, 1987).
The terms cellulase and chitinase describe multiple enzyme systems. For
cellulase, these are endocellulases, exocellulases, and beta glucosidases. Similar enzyme
action occurs for complete chitin breakdown, with additional enzymes required for
digestion of the N-acetyl group of each glucoside monomer (Merzendorfer and Zimoch,
2003). Fungi, bacteria, and protozoa are the only organisms that produce all enzymes
involved in cellulose digestion. For wood eating termites, most cellulose digestion is
carried out by protozoan symbionts harbored in the insect’s hindgut. Chitinase is
produced by insects at the time of molting, and is also found in the digestive tract of some
insects. Examples include chitinase activity measured from labial glands of Acromyrmex
octospinosus (Febvay et al., 1984) and from larvae and adults of a microphagous beetle
species (Fukamizo et al., 1985). Limited study has also been performed confirming
chitinase in termite digestive tract (Noirot and Noirot-Timothee, 1969; Mishra and San
Sarma, 1981). Sources of chitin ingested by subterranean termites include fungi in rotted
wood and cannibalism.
The efficiency of food digestion by insects has been reported in numerous studies,
such as for grasshoppers (Phillippe, 1991). Digestive efficiency can be determined from
comparing the amount of food remaining undigested in feces with the amount of food
eaten by the test animal. For termites, efficiency of lignocellulose digestion has been
reported for C. formosanus and other species (Itakura et al. 1995; Hyodo et al. 1999;
Mishra and Sen-Sarma 1979; Katsumata et al. 2007). Laboratory study of Formosan
7

termite wood digestion reported assay of feces collected from pine blocks and surfaces of
laboratory arenas (Itakura et al. 1995; Hyodo et al. 1999). Determination of carbohydrate
content of wood requires grinding and chemical treatment (Itakura et al. 1995; Katsumata
et al. 2007).
A main objective of this research is to provide new and updated information on
termite biology and morphology through the use of newer tools. For instance, digital
scanning electron microscopy can be used to study morphological features of termites,
such as reproductive parts, which are too small to view with a light microscope. As
insect genitalia are useful for identification of insect species of similar appearance, these
could be observed with much greater detail from high resolution images obtainable from
scanning electron microscopy. Similarly, wood particles recovered from termite gut are
very small, and digital images from a scanning electron microscope would provide clear
images for analysis of wood undergoing degradation in termite gut. Yoshimura (1995)
provided micrographs of wood particles from Formosan termite gut, but the resolution
was poor. Thus, one aim of the current study is to provide high resolution images of
wood from different sections of C. formosanus gut.
Cellulose is the main polysaccharide component of wood, and is the main food of
subterranean termites. However, wood contains only a trace amount of nitrogen. The
means by which termites obtain enough nitrogen for ongoing amino acid and protein
synthesis is still a matter of speculation. Another main aim of this study is to provide
new information on potential dietary nitrogen sources of termites that have received little
prior attention. An obvious potentially significant nitrogen source for termites is chitin
(Waller and LaFage, 1987). Termites are cannibalistic, so ingest chitin from termite
cuticle. Additional chitin in lower termite diet is likely from ingestion of dead insect
8

debris in wood. Besides cuticle, another source of chitin in termite diet is fungal cell
wall, which is ingested along with rotted wood.
Besides chitin, nitrogen could also be gained in termite diet from protein in
termite feces (Nation, 2002), as termites are coprophagous (Waller and LaFage, 1987).
Accumulated invertebrate feces in dead wood could also be ingested along with the
wood.
Quantification of chitinase activity and protein content of termite feces would
provide insight as to how a xylophagous insect obtains enough nitrogen for its dietary
needs. Additional insight could be gained from comparison of chitinase activity with that
for cellulase, the main food digesting enzyme of termite gut, as well as comparing the
amount of the nitrogenous waste product uric acid contained in termite feces along with
protein.
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CHAPTER II
URIC ACID AND SOLUBLE PROTEIN LEVELS IN FECES OF SUBTERRANEAN
TERMITES COPTOTERMES FORMOSANUS, RETICULITERMES FLAVIPES, AND
RETICULITERMES VIRGINICUS (ISOPTERA: RHINOTERMITIDAE)
Introduction
Like all animals, insects must get rid of excess nitrogen from metabolism of
protein and purines. Nitrogenous wastes in insect feces are primarily ammonia or uric
acid (Cochran, 1985; Chapman, 1998). Ammonia is often the primary nitrogenous waste
product for insects that live in aquatic or very moist environments. For insects that live
in dry habitats, need to conserve body weight for flight, or have a dry diet, uric acid is
typically the main nitrogenous waste produced (Chapman, 1998; Cochran, 1985).
Nitrogenous wastes in insect feces have been determined for various orders. Blattaria is
the best studied, with varying proportions of uric acid and ammonia identified for many
cockroach species (Cochran, 1985). In addition, uric acid accumulates in cockroach fat
body, where bacterial symbionts digest it (Cochran, 1985). Similarly, uric acid
accumulates in fat body of subterranean termites, although no uricolytic bacteria
populations occur there (Potrikus and Breznak, 1980 a, b). Populations of uricolytic
bacteria do occur in Reticulitermes flavipes hindgut, however (Potrikus and Breznak,
1980a, b). These bacteria digest most uric acid that passes through the hindgut.
Consequently, only trace amounts of uric acid are measurable from R. flavipes feces
(Potrikus and Breznak, 1980a, b). Protein in termite feces may be a source of dietary
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nitrogen for termites (Nation, 2002), but amounts of protein from termite feces have not
been reported.
The main objective of this study was to determine levels of uric acid and soluble
proteins in feces of three subterranean termite species, and in turn consider the roles of
each of these nitrogen containing biomolecules in termite nutrition and digestion. As
termites are coprophagous, termite feces could provide the insect with a dietary nitrogen
source if nitrogenous molecules are present. Also, since nitrogen is present only in trace
quantity in wood, levels of nitrogenous molecules in termite feces could provide
information about how the insect conserves nitrogen.
Materials and methods
Reticulitermes species were collected from forested areas of Pearl River County,
Mississippi, and Formosan termites were collected in Pearl River County from a bucket
trap. R. flavipes and R. virginicus were identified by shape of soldier mandibles using a
picture key (Messenger, 2002).
Soluble protein levels were determined from whole termite workers and fecal
samples using Bradford reagent with a bovine serum albumin standard (Sigma). For
whole termite samples, three groups of ten live workers were weighed, added to separate
1.5 ml centrifuge tubes, and ground with a micropestle. One ml deionized water was
added, and tubes were vortexed and centrifuged 5 minutes at 14,000 rpm. Soluble
protein levels were determined at 595 nm following the standard Bradford assay protocol
from the instructions provided with the reagent.
For determination of soluble protein levels from feces, samples were collected
from laboratory arenas without food following the method of Arquette and Rodriguez
15

(2011) and weighed. Fecal samples were ground with a micropestle in 1.5 ml centrifuge
tubes, followed by addition of 1 ml deionized water. Tubes were vortexed and
centrifuged 5 m at 14,000 rpm, and soluble protein levels were determined at 595 nm
following the Bradford micro assay protocol. Uric acid assays followed a procedure in
Arquette et al. (2006) using both whole termite and fecal samples. Three groups of 10
workers were used for uric acid determination from whole termites. The time each
colony was kept in captivity before assay was noted.
Results
Uric acid was undetectable from feces of all but two populations assayed (Table
2.1). Soluble protein levels of feces ranged from around 1 to 5 percent (wet weight)
(Table 2.2). The two populations showing measurable amounts of uric acid in their feces
had been kept in lab culture for approximately one year, whereas other groups were
assayed soon after field collection.
Discussion
Termites are coprophagous and may nutritionally benefit from protein in feces,
the source of which may be bacteria (Nation, 2002). Other protein in termite feces could
include proteins from food or enzyme proteins that pass through the gut undigested, as
well as soluble proteins released into hindgut fluid from ruptured protozoa. The current
study shows that high amounts of protein occur in termite feces compared to wood. As
termites are coprophagous, feces therefore provides dietary protein lacking in core food.
Uric acid was formerly thought to be excreted in termite feces (Noirot and NoirotTimothee, 1969). Later studies of R. flavipes demonstrated that uric acid is in the feces
only in trace quantity (Potrikus and Breznak, 1980a and 1980b). The current study shows
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that two additional subterranean termite species, R. virginicus and C. formosanus, also
excrete little or no uric acid (Table 2.1). Lack of uric acid in the feces was attributed to
digestion of the molecule by uricolytic bacteria in the hindgut (Potrikus and Breznak,
1980b). Trace uric acid levels measured from fecal samples of workers of two species
were similar to that reported by Potrikus and Breznak (1980b) for R. flavipes; other
samples did not have measurable amounts of uric acid (Table 2.1). Termites that had uric
acid in their feces, from a group of R. flavipes and a population of R. virginicus, were
distinct from others tested from having both been reared in a laboratory for an extended
time period, and had accumulated high levels of uric acid in fat body (Table 2.1).
Cannibalism could explain why these termites had uric acid in their feces, albeit in trace
quantity. High uric acid in fat body of cannibalized termites could have been above the
capacity for the uricolytic bacteria in hindgut to process, resulting in some of the
molecule being passed out undigested in feces.
Another explanation could account for the lack of uric acid in subterranean
termite feces, despite the insects being uricotelic. Specifically, as nitrogen from the
woody diet is very low, synthesis of new proteins as well as uric acid formed from
protein catabolism may proceed at a slower rate than occurs for insects which have ample
protein in their diet. A low rate of uric acid synthesis may subsequently result in little of
the molecule reaching uricolytic bacteria, resulting in complete digestion before being
removed in feces. Uric acid storage in fat body is generally lower in field populations of
termites (Table 2.1; Arquette 2006), so cannibalism of termites in the natural
environment would not provide uricolytic symbionts with excess uric acid (Table 2.1).
Unlike uric acid, there does not appear to be a relationship between protein
amounts in feces and protein levels in whole termites (Table 2.2). Species that had been
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in captivity for a year had the lowest whole body soluble protein content of the nine
populations assayed for this study, but one had protein content of feces near the average
for all groups measured. Also, while a high protein measurement was determined for
feces of C. formosanus workers with high body protein content, another population with
similar fecal protein levels had average body protein content among the groups (Table
2.2). Possible sources of protein in feces include live or dead bacteria, and those that
passed through the digestive tract without being digested.
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Table 2.1

Uric acid content of whole termites and feces

species
R. flavipes
R. virginicus
R. virginicus
R. virginicus
R. virginicus
R. flavipes
C. formosanus
R. flavipes
R. flavipes

time in
captivity
24 h
24 h
24 h
24 h
1 yr
1 yr
24 h
24 h
24 h

% UA/
dry fecal
sample
0.13
0.16
-

% UA/1 dry
termite
1.7
1.4
1.4
1.8
17.5
10.4
1.3
1.5
1.6

avg live wt/1
worker (mg)
2.5
2.4
2.4
2.0
2.3
2.5
3.3
2.4
2.7

Average live weight of 1 termite was determined from the average of 3 groups of 10
workers/10
Dashed line: uric acid too low for detection
Table 2.2

Soluble protein content of whole termites and feces
% protein/
time in
species

captivity

R. flavipes

24 h

R. flavipes

24 h

C. formosanus

24 h

R. virginicus

1 yr

R. virginicus

24 h

R. flavipes

24 h

R. virginicus

24 h

R. flavipes

1 yr

wet fecal

% protein/

avg live wt/1

sample

mg termite

worker (mg)

0.88

X

2.6

0.71

22.2

2.4

4.7

35.7

3.4

0.82

16.6

2.3

4.5

20.6

2.0

3.2

26.9

2.5

2.1

22.5

2.4

2.1

16.2

2.8

Average live weight of 1 termite was determined from the average of 3 groups of 10
workers/10
X : no data
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CHAPTER III
SCANNING ELECTRON MICROSCOPE IMAGES OF WOOD PASSAGE
THROUGH THE DIGESTIVE TRACT OF FORMOSAN
SUBTERRANEAN TERMITE WORKERS
(ISOPTERA: RHINOTERMITIDAE)
Introduction
Like other lower termites, the core food of subterranean termites is wood
carbohydrate. These insects are nutritionally dependent on flagellate protozoa species
that only are found in their hindgut. Types of protozoa in termite hindgut differ by
species. For instance, Formosan subterranean termites (Coptotermes formosanus Shiraki)
harbor three species of protozoa in its hindgut. The largest, Pseudotrichonympha grassi,
is visible to the naked eye. It is more prevalent at the forward region of Formosan termite
hindgut, engulfing and digesting cellulose and other wood polysaccharides, and removing
undigested lignin by exocytosis (Yoshimura, 1995). Another protozoan in Formosan
termite hindgut is Hodomastigitoides hartmanni. This species is more evenly distributed
through the hindgut compared to P. grassi (Lai, 1983). It appears to have different
dietary requirements than P. grassi, as P. grassi populations die if the termite host is fed
low molecular weight cellulose, while H. hartmanni continues to thrive (Yoshimura,
1995). The third species of flagellate in Formosan termite hindgut, Spirotrichonympha
leidyi, is diminutive in size compared to the other two. It tends to be found more toward
the rectum. Rather than engulf solid food particles, it has been hypothesized to be a
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“scavenger”, obtaining solubilized nutrients present in the hindgut fluid (Yoshimura,
1995).
Change in wood morphology during termite gut transit may give an idea of
carbohydrases active in different gut sections (Yoshimura, 1995). Yoshimura (1995)
provided micrographs of wood particles from Formosan termite gut, but the resolution
was poor. The current study aims to provide high resolution images of wood from
different sections of C. formosanus gut, and from these images consider whether enzyme
degradation is occurring in particular areas throughout the worker digestive tract.
Materials and Methods
Coptotermes formosanus workers for this study were collected from a colony at
Audobon Park in New Orleans, LA. Insects were maintained in polystyrene containers
and offered weathered yellow pine blocks as food. Dissection of whole guts was carried
out from a procedure of Zhou et al. (2007). Guts were dissected under a dissecting
microscope onto a piece of nonstick aluminum foil. Dissected guts were subdivided into
foregut, midgut, forward hindgut, middle hindgut, and rear hindgut, regions described by
Lai (1983). Quick cutting between gut sections with a fine edged razor sealed the gut
sections at the edges, so gut fluid was retained in the sections. Ten foregut and midgut
sections, and five hindgut sections, were pooled together in microcentrifuge tubes
containing distilled water, and stored at -20° C. For electron microscope preparation,
samples were washed three times with distilled water with centrifuging. The first two
washings were done 5 m at 7,000 g, and the last 5 m at 20,800 g. Washings were carried
out to remove soluble salts that would coat samples during drying. Scanning electron
microscope stubs were prepared for gut particle samples by affixing a piece of carbon
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mounting tape to the stub, and cutting a grid pattern onto the tape with a razor blade.
Squares of grids were approximately 0.5 mm2. Washed samples were vortexed, and two
drops immediately transferred by pipette onto stubs. After air drying, samples were
sputter coated and viewed at 2,000x magnification with a Zeiss EVO-40VXP
environmental electron microscope. Five different areas of five squares of the grid were
digitally photographed. The entire procedure was done three times. Degradation of
wood particles was determined by counting and measuring apparent holes in all particles
visible in an image longer than 10 microns. Each image contained a scale bar that was
used as a reference for measurements. Holes were considered to be any enclosed areas
darker than the overall particle. Holes were measured at the longest point and grouped in
terms of size: 0.5-1 micron, 1-2 microns, 2-3 microns, and more than 3 microns. Total
numbers of wood particles counted per gut section were 128 particles from foregut, 196
from midgut, 150 from front hindgut, 133 from middle hindgut, and 155 from rear
hindgut. One-way ANOVA and Tukeys HSD was carried out using SAS software (SAS
Institute) to identify significant differences in average numbers of holes in wood particles
between five gut regions.
Results
From visual inspection, particles recovered from hindgut sections generally
appeared more degraded than particles recovered from midgut and foregut (Figures 3.13.5). There was a significant difference in average numbers of holes in different gut
sections (Table 3.1, one-way ANOVA, p < 0.0001) and significantly more holes counted
in wood pieces recovered from rear sections of the termite gut compared to foreward
(Tukeys HSD, Figure 3.6). For all gut sections, there were similar proportions between
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each hole size and the total number of holes counted. Smallest holes of 0.5 to 1 micron
wide were most numerous, comprising about half the total number of holes counted for
all gut sections.
Discussion
Because protozoa are only harbored in the hindgut of lower termites, and wood
particles are engulfed and digested by larger protozoans, most wood digestion in termite
gut occurs in hindgut. Unlike digestive enzymes produced by the termite that can be
regurgitated in gut fluid to foregut and effect digestion there, hindgut digestion of wood
occurs mainly inside protozoa, and any enzymes in hindgut fluid act only in hindgut as
backflow to midgut does not occur (Noirot and Noirot-Timothee, 1969). Therefore
images of wood particles would be expected to appear substantially more degraded in
hindgut compared to when first eaten.
Some researchers such as Slaytor (2000) submit that enzymes produced by
termites in salivary glands and midgut epithelial tissue are sufficient to digest some wood
carbohydrate, despite a lack of an exocellulase required for complete cellulose
degradation to glucose. One theory proposed by Nakashima et al. (2002) attributes a
partial component of cellulase enzymes produced by the termite as working
independently at initial cellulose digestion from those produced by the protozoa, resulting
in a “dual system” of wood carbohydrate degradation. If carbohydrases produced by the
termite degrade wood, it might be apparent from appearance of wood particles in foregut
and midgut. Higher degradation should appear more conspicuous in hindgut sections
where digestion of wood by protozoa is carried out, as the flagellates produce cellulolytic
enzymes for wood digestion.
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For the current study, scanning electron micrographs of gut contents from five
regions of C. formosanus gut show a greater degradation of wood particles in middle and
rear regions of the hindgut compared to foregut, midgut, and front hindgut (Figure 3.6).
From visual inspection a wide variety of particle shapes is apparent in all gut sections.
Therefore, images in Figures 3.1-3.5 are not representative of a particular type of wood
appearance in different hindgut regions. Overall, however, particles in foregut and
midgut appeared more solid and intact than in hindgut sections.
The results from this study indicate that little digestion occurs from the time that
wood is eaten by workers until it enters hindgut and is engulfed by the protozoan
symbionts, which carry out most wood digestion in termite gut (Noirot and NoirotTimothee, 1969). Therefore, support for the traditional explanation for food digestion by
lower termites, i.e. that it is mostly carried out by protozoa, is presented.
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Figure 3.1
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Scanning electron microscope image of particles recovered from C. formosanus foregut

Figure 3.2
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Scanning electron microscope image of particles recovered from C. formosanus midgut

Figure 3.3
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Scanning electron microscope image of particles recovered from the forward section of C. formosanus
hindgut

Figure 3.4
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Scanning electron microscope image of particles recovered from the middle section of C. formosanus
hindgut

Figure 3.5
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Scanning electron microscope image of particles recovered from the rear section of C. formosanus
hindgut

Figure 3.6
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Average number of holes in wood particles recovered from five regions of C. formosanus digestive tract,
+ the standard error

A

Table 3.1
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CHAPTER IV
SCANNING ELECTRON MICROSCOPE IMAGES OF THE ABDOMEN FOR
ALATES OF TWO SUBTERRANEAN TERMITE SPECIES, COPTOTERMES
FORMOSANUS AND RETICULITERMES VIRGINICUS (ISOPTERA:
RHINOTERMITIDAE)
Introduction
Microscopic study of termite abdomen has been reported in limited studies and
review articles (Geyer, 1951; Matsuda, 1976; Tuxen, 1970; Belyaeva, 2006). Each of
these were limited to descriptions of structures from text and drawings made from insects
viewed with a light microscope. The main objectives of this study were to obtain high
resolution scanning electron microscope images of dissected and undissected male and
female abdomens for alates of two subterranean termite species, R. virginicus Banks and
C. formosanus Shiraki, and to note any differences in abdominal structures between
species.
Materials and Methods
R. virginicus alates were collected from an infested log in Oktibbeha County,
Mississippi, and C. formosanus alates were obtained from light traps in Pearl River
County, Mississippi. Alates were identified to species using a picture key (Messenger,
2002) and preserved in 70% alcohol.
Following air drying for about 20 minutes, subgenital plates (sternite 7) of female
alates were removed with fine pins (Roboz Surgical Instruments, Gaithersburg, MD) and
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dissecting scissors (Fine Science Tools, Inc., Foster City, CA). Legs were removed or
abdomens separated to minimize charging in the electron microscope. Dissected and
undissected specimens were transferred for 15 minutes to 95% and 100% ethyl alcohol,
with one change for each alcohol concentration. This was followed by soaking 15
minutes with increasing concentration of HMDS in alcohol (25%, 50%, and 75%
HMDS), followed by placement in 100% HMDS for 15 minutes with one change. After
drying specimens were mounted on stubs with carbon paste. Following sputter coating
specimens were examined with the stage tilted 0-60 degrees and photographed with a
digital electron microscope (Zeiss).
A Zeiss dissecting microscope with a digital camera attached was used to study
possible differences in external morphology between the two species examined.
Measurements of the width of abdominal sternites was determined from at least 4
specimens for both sexes of each species.
Results
Morphological features of the female abdomen with the subgenital plate removed
included numerous spines less than 5 microns in length (Figures 4.2-4.5, 4.9, 4.10).
Numerous papillae, also about 5 microns in diameter, were visible on a pair of shield
shaped structures about the center of the abdomen (Figures 4.2, 4.3, 4.10). The gonopore
region of undissected males was conspicuous just below their styli from images obtained
when the electron microscope stage was tilted (Figure 4.6).
Sternites 4-6 for females and 4-7 for males were of similar width, with some
segments slightly narrower. However, narrower segments were not consistent for
specimens of the same sex for the same species, or between the two species. An example
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is shown for two Formosan termite females in Figure 4.12, showing sternites of unequal
widths above the conspicuously wide subgenital plate.
The region around the styli of R. virginicus males appears lighter than the
surrounding area (Figure 4.13). In contrast, male Formosan termites have a uniform body
color in this same area. This difference was noted for all male specimens of both species
observed under the light microscope.
Discussion
Scanning electron microscope images obtained for this study generally show a
similar appearance for various structures about the reproductive parts for both species
examined. These include styli of abdominal segment 9 for males (Figure 4.6), abdominal
segments 8 and 9 visible from dissected females (Figure 4.4), and cerci on the outer sides
of paraprocts for both sexes (Figures 4.7, 4.8). An exception is an apparently lightly
sclerotized area between the paraprocts of R. virginicus males (Figure 4.13), compared to
uniform sclerotization of C. formosanus males in the same region, when viewed with a
dissecting microscope. Even at low magnification with a dissecting microscope, the
lightly sclerotized area was conspicuous, with the tip of the abdomen appearing lighter
than the surrounding dark brown coloration of the rest of the body. Further observations
with alates of other native species could confirm whether this appearance is characteristic
of Reticulitermes species generally. If so, identification of alates as native termites or the
more damaging Formosan termite could be confirmed with a magnifying glass.
However, the overall body color is tan for Formosan termite alates, compared to dark
brown for R. flavipes and R. virginicus alates, so an additional inspection of the abdomen
would be unnecessary if alates are dark brown. However, Formosan termites appear
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similar to an established drywood species found in southern Louisiana, which may have
been confused for Formosan termites after its introduction from southeast Asia (Suszkiw,
1998). Therefore, future microscopic examination of alates of drywood termites found in
the same range as Formosan termites in the southern United States, and with a similar
overall appearance to Formosan termites, could establish whether a conspicuously lighter
area of the abdomen occurs as for males of R. virginicus, allowing for preliminary
determination of species.
Scanning electron microscope images of subterranean termite females with the
subgenital plate removed (Figures 4.2-4.5, 4.9, 4.10) show a prominent pair of structures
not identified from an earlier study that studied the region using a light microscope
(Belyaeva, 2006). Electron micrographs of females of both C. formosanus and R.
virginicus show a pair of triangular structures covered with minute spines and papillae (<
5 um) about the center of the abdomen (Figures 4.2, 4.3, 4.10). These are located at a
similar position to an abdominal structure called the posterior lobe for the lower termite
Mastotermes darwiniensis (Matsuda, 1976). However, as M. darwiniensis females have
an ovipositor, which is lacking in subterranean termites, structures described for that
species may not be present or could appear radically different for subterranean termites.
The unidentified structures visible in electron micrographs are a complete triangle,
apparently not visible in their entirety from light microscopy used for Belyaeva’s 2006
study. This illustrates the utility of using scanning electron microscopy for a precise
description of the morphology of termite abdomen, with very small structures of less than
10 microns observable in great detail.
Scanning electron microscope images provide clear images of subterranean
termite abdomen, particularly for females with the subgenital plate removed, compared to
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limited detail obtainable with light microscopy (Figure 4.1). The current study
demonstrates that most of the structure underneath the subgenital plate can be viewed
without use of chemical treatment before dissection, potentially allowing for preservation
of membranous structures that would be destroyed by chemicals. For the current study,
removal of the subgenital plate without chemicals did not appear to tear any parts
underneath the plate. However, scanning electron microscope images did not reveal
detail from an area shown in drawings by Belyaeva (2006) that included the spermathecal
opening. Additional study will be needed to determine whether subgenital plate removal
without chemical treatment exposes all structures under the plate, as well as damage
chemical treatments might effect.
Subterranean termites of the genus Reticulitermes are very similar in appearance
between species. Alates provide the most certain identification between species from
slightly different features on the head (Messenger, 2002). The current study attempted to
identify an additional site of potential morphological difference between species, i.e.
differences in width of abdominal sternites in front of those obscuring reproductive
structures of both males and females. No consistent difference was observed for
differences in width of these sternites between species (Figure 4.12).
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Figure 4.1

40

Light microscope image of female R. virginicus abdomen with subgenital plate removed

Figure 4.2
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Detail of unidentified structures (top left and top right) from female C. formosanus abdomen with subgenital plate
removed

Figure 4.3
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Unidentified structure from female R. virginicus abdomen with subgenital plate removed

Figure 4.4
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Plate IX

Paraproct (Plate X)

Female C. formosanus abdomen with subgenital plate removed

Plate VIII

Unknown structures

Figure 4.5
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Detail from central area of female C. formosanus abdomen with subgenital plate removed

Figure 4.6
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Male R. virginicus abdomen showing styli and opening to gonopore

Figure 4.7
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Male R. virginicus abdomen

Styli

Paraproct

Figure 4.8
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Female C. formosanus abdomen

Subgenital plate

Paraproct

Figure 4.9
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Detail from central area of female R. virginicus abdomen with subgenital plate removed

Figure 4.10
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Detail of unknown structure from female R. virginicus abdomen with subgenital plate removed

C. formosanus

R. virginicus

Figure 4.11

Comparison of cerci for female C. formosanus and R. virginicus
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Subgenital Plate

Subgenital Plate
Figure 4.12

Light microscope images of female C. formosanus abdomen
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Figure 4.13

Light microscope image of male R. virginicus abdomen
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CHAPTER V
DIGESTION OF CELLULOSE AND CHITIN BY THE DARK SOUTHERN
SUBTERRANEAN TERMITE, RETICULITERMES VIRGINICUS BANKS
(ISOPTERA: RHINOTERMITIDAE)
Introduction
After cellulose, chitin is the most abundant naturally occurring biopolymer.
Chitin is mainly found in arthropod cuticle and fungal cell wall, as well as nematode
eggshell (Merzendorfer and Zimoch, 2003). Both cellulose and chitin are straight chain
polysaccharides made up of glucose subunits for cellulose, and N-acetylglucosamine for
chitin. Glucoside molecules comprising each of these polysaccharides are linked together
by beta 1, 4-glycosidic bonds. Adjacent strands of cellulose and chitin form microfibrils
from hydrogen bonding (Merzendorfer and Zimoch, 2003). A main difference between
cellulose and chitin is that cellulose contains no nitrogen, whereas glucoside monomers
of chitin contain an N-acetyl group. Nitrogen content of chitin is about 7 percent, which
would be utilized in the termite’s metabolism if it can be digested in the insect’s gut
(Waller and LaFage, 1987).
The terms cellulase and chitinase describe multiple enzyme systems. For
cellulose, these are endocellulase, exocellulase, and beta glucosidase. Endocellulase
randomly attacks cellulose molecules, while exocellulose breaks bonds of cellulose from
reducing ends, and beta glucosidase is responsible for releasing glucose from cellobiose
at the final stage of digestion. Similar enzyme action occurs in complete chitin digestion,
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with additional enzymes required for digestion of the N-acetyl group of each glucoside
monomer (Merzendorfer and Zimoch, 2003).
Fungi, bacteria, and protozoa are the only organisms that produce the full
compliment of enzymes needed for complete cellulose digestion. For wood eating
termites, most cellulose digestion is carried out by protozoan symbionts harbored in the
insect’s hindgut. Larger protozoa engulf wood particles, digesting and metabolizing
wood sugars followed by exocytosis of undigested lignin (Yoshimura, 1995).
Chitinase is produced by insects at the time of molting, and is also found in the
digestive tract of some insects. Examples include chitinase activity measured from labial
glands of the attine ant (Fabvey et al., 1984) and from larvae and adults of a
microphagous beetle species (Fukamizo et al., 1985). Limited study has also been
performed confirming the presence of termite gut chitinase (Noirot and Noirot-Timothee,
1969; Mishra and San Sarma, 1981). Sources of chitin ingested by subterranean termites
include fungi in rotted wood and cannibalism. The main purpose of this study is to
determine whether a subterranean termite species, Reticulitermes virginicus Banks, can
digest chitin from its food, and subsequently determine how strongly chitinase activity
compares to cellulase activity in food digestion.
Materials and Methods
Termites used for this study were collected in Oktibbeha County, Mississippi, and
identified as R. virginicus from a picture key (Messenger, 2002). Workers were weighed
in 5 groups of 10, the average of which was used for estimating the weight of one termite
equivalent. Workers with darkened abdomens from food in the gut were selected for all
assays.
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Three sets of 50 R. virginicus workers were placed in 1.5 ml centrifuge tubes on
ice containing 0.5 ml potassium phosphate buffer, pH 6.0, and homogenized in the tubes
with a plastic pestle. After an additional 0.5 ml buffer was added tubes were centrifuged
at 20,800 g for 10 m. Supernatant from each tube was pooled together after
centrifugation. 100 ul of supernatant was added in triplicate to 800 ul of either 2%
Sigmacell 20 or 2% chitin from crab shell (Sigma-Aldrich, St. Louis) in pH 6.0 buffer.
Samples were incubated in a water bath at 35 C for 30, 60, 90, and 120 minutes
(Sigmacell 20) and 180, 240, 300, and 360 minutes (chitin). In addition samples were
prepared containing enzyme with no substrate, and substrate with no enzyme. After
incubation, samples were centrifuged 30 s at 20,800 g. Supernatant from chitin samples
was transferred to a clean Eppendorf tube and re-centrifuged for an additional 30 s to
ensure no portion of the pellet was transferred with the supernatant.
Reducing sugars were detected from samples spectrophotometrically from the
dinitrosalicylic acid (DNSA) reducing sugar assay. Supernatant (425 ul) and 425 ul of
reagent (1% dinitrosalicylic acid, 30% sodium potassium tartarate, and 0.4 M NaOH)
were combined and placed in a boiling water bath for 10 minutes. After cooling at 4 C
for 15 minutes, absorbances for each sample were determined at 540 nm. Corrected
values were obtained from subtracting absorbances of test samples with samples
containing enzyme without substrate. Results are shown as umol reducing sugar released
from cellulose or chitin over time (Figures 5.3-5.4).
Fifty R. virginicus workers were placed in a 1.5 ml centrifuge tube on ice
containing 0.5 ml sodium acetate buffer (pH 4.0, 5.0, and 5.4) and 0.5 ml potassium
phosphate buffer (pH 6.0, 6.4, 7.0, and 8.0), and homogenized with a plastic pestle. An
additional 0.5 ml buffer was added, and tubes centrifuged at 20,800 g for 10 m. 100 ul of
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supernatant was added in triplicate to 800 ul of either 2% Sigmacell 20 or 2% chitin from
crab shell (Sigma-Aldrich, St. Louis) in the same pH buffer used for homogenizing
termites. Samples were incubated in a 35 C water bath for 90 minutes (Sigmacell 20
samples) and 210 minutes (chitin samples) along with samples containing enzyme with
no substrate, and substrate with no enzyme. The remainder of the procedure was carried
out the same way as described for increase in product formation over time. Specific
enzyme activity was determined as the amount of enzyme from one termite equivalent
that released one nmol reducing sugar as glucose (cellulase assay) or nacetylglucosamine (chitinase assay) per mg protein per minute (Figures 5.5-5.6).
Assays for both cellulase and chitinase activities were carried out in triplicate at
35 C in pH 5.0 sodium acetate buffer. Specific enzyme activity was determined as the
amount of enzyme from one termite equivalent that released one nmol reducing sugar as
glucose (cellulase assay) or n-acetylglucosamine (chitinase assay) per mg protein per
minute (Figure 5.7).
The Bradford assay was used for protein determination following the procedure
from the Bradford reagent manufacturer (Sigma-Aldrich). Fifty termites were
homogenized on ice in 1.5 ml centrifuge tubes containing 0.5 ml potassium phosphate
buffer, pH 6.0, and centrifuged 10 m at 20,800 g. Samples were diluted tenfold before
adding reagent and determination of protein content at 595 nm.
Results
Progress curves for formation of glucosides released from cellulase and chitinase
(figures 5.3-5.4) shows a linear increase in glucose from cellulose at 30 through 90
minutes, and a linear increase in n-acetylglucosamine release from chitin at 180 through
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360 minutes. The duration of subsequent cellulase and chitinase specific activity assays
was selected from linear portions of the curves.
The optimum pH for both cellulase and chitinase was pH 5.0 (figures 5.5-5.6).
Chitinase specific activity was higher at pH 4 in relation to pH 5 compared to cellulase
activity. Both enzymes showed a steady decrease in activity through pH 7.
Cellulase specific activity at optimum pH was about six-fold higher than for
chitinase (figure 5.7).
Discussion
Insects produce chitinases during molting, as well as in the gut (Merzendorfer and
Zimoch, 2003). Reticulitermes virginicus workers used in this study were likely mature,
as they appeared similar in size, and were a similar weight. In addition, workers selected
for assay had darkened abdomens from food in the gut, increasing the likelihood that
molting was not occurring. Therefore, measurement of chitinolytic activity would likely
come from enzymes produced in the worker digestive tract.
Results of this study indicate that a subterranean termite species, Reticulitermes
virginicus Banks, can digest chitin from food, and further considers the strength of
chitinolytic activity alongside that for cellulases capable of digesting microcrystalline
cellulose. Chitinase activity in the current study could reflect the diet of R. virginicus
which includes chitin consumption. A study of gut chitinase from a mycophagous beetle
found threefold higher activity compared to a nonmycophagous species (Fukamizo et al.,
1985). The authors submitted that chitin in the mycophagous beetle’s diet could be
responsible for high chitinase activity in the gut. Nitrogen in chitin would be of
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substantial nutritional benefit to xylophagous termites, since its core food contains little
nitrogen, but is contained in fungi ingested along with the wood.
Cellulase studies of termites are routinely carried out, but little study of chitinase
in termite digestion has been done. Two studies reported chitinase from a mature nasute
termite species (Noirot and Noirot-Timothee, 1969) and an additional study reported
chitinase detection from a lower drywood termite species, but not from two higher
species (Mishra and San Sarma, 1981). The latter study tested for chitinase qualitatively
with paper chromatography. This technique required 24 hours for a positive result from
one species. Therefore, the assay may not have been sensitive enough to detect chitinase
from the two higher termites.
For the current study incubation times were 90 minutes for cellulase assays and
210 minutes for chitinase assays. These durations were selected from enzyme progress
curves that ensured assays were carried out long enough to produce measurable
spectrophotometric absorbances within the linear part of the curve (Figures 5.3 and 5.4).
Assay results were therefore unlikely to be significantly affected from multiplication of
contaminating bacteria in the incubation mixture by reducing amounts of soluble sugars
released from the substrates. The incubation temperature of 35 C used for all assays
ensured higher absorbance readings compared to room temperature, but below
temperatures at which enzyme activity would decrease from denaturation.
Chitinase activity was strongest at pH 4 and pH 5, within the range reported for
pH optima of chitinases produced by insects (Merzendorfer and Zimoch, 2003). The
foregut of a subterranean termite, R. lucifugus, was reported as being acidic, while
midgut pH was close to neutral (Noirot and Noirot-Timothee, 1969). Although most
digestive enzymes of insects are produced in midgut, regurgitation of these enzymes to
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foregut occurs. Thus the foregut would be an ideal environment for chitinase activity to
be carried out for absorption in the midgut, based on optimum pH determined from the
current study, as well as rapid passage of food through termite midgut of less than one
hour (Noirot and Noirot-Timothee, 1969). Hindgut fluid is not regurgitated to midgut
from hindgut due to prevention from the enteric valve at the junction of these gut sections
(Noirot and Noirot-Timothee, 1969) so any chitinase activity originating in hindgut
would be limited to there.
Past studies qualitatively confirmed the presence of gut chitinase in termites
(Noirot and Noirot-Timothee, 1969; Mishra and San Sarma, 1981). The current study
provides quantitative data for chitinase activity, showing its strength compared to that of
cellulase for a subterranean termite species. Future research could compare levels of
activity for gut chitinase activity from multiple termite species, including characterization
of purified gut chitinases, and strength of activity from different sections of the gut.
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Figure 5.1
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Standard curve for glucose from the DNSA reducing sugar assay

Figure 5.2
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Standard curve for N-acetylglucosamine from the DNSA reducing sugar assay

Figure 5.3
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Enzyme reaction progress curve for cellulose

Figure 5.4
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Enzyme reaction progress curve for chitinase

Figure 5.5
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Effect of pH on specific activity of Reticulitermes virginicus cellulase

Figure 5.6
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Effect of pH on specific activity of Reticulitermes virginicus chitinase

Figure 5.7
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Comparison of the specific activities of Reticulitermes virginicus cellulase and chitinase

CHAPTER VI
BARRIERS TO STUDYOF THE EFFICIENCY OF LIGNOCELLULOSE DIGESTION
BY THE FORMOSAN SUBTERRANEAN TERMITE COPTOTERMES
FORMOSANUS (SHIRAKI) (ISOPTERA: RHINOTERMITIDAE)
Introduction
The Formosan subterranean termite, C. formosanus (Shiraki) (Isoptera:
Rhinotermitidae) has been cited as one of the most destructive invasive pest species in the
world (Vargo and Husseneder, 2009). The efficiency of lignocellulose digestion by C.
formosanus and other termite species has been reported (Itakura et al. 1995; Hyodo et al.
1999; Mishra and Sen-Sarma 1979; Katsumata et al. 2007) based on the amount of
undigested lignocellulose components in feces. For study of Formosan termite wood
digestion (Itakura et al. 1995; Hyodo et al. 1999), feces were collected from pine blocks
and surfaces of laboratory arenas. However, in attempting to duplicate this procedure, it
was apparent that workers from small C. formosanus laboratory populations use wood
particles for construction; loose particles are mixed with and indistinguishable from
feces. This report details problems inherent in study of lignocellulose digestion by C.
formosanus workers.
Materials and methods
Formosan termites were obtained from a colony collected at Audubon Park, New
Orleans, LA. The colony was maintained at least 1 year at 28º C in a metal trash can
containing southern yellow pine (Pinus sp.).
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Collection of C. formosanus feces from arenas containing wood was initially
attempted. Groups of at least 200 workers and 20 soldiers were placed in clear
polystyrene containers (approximately 32 cm x 25 cm x 10 cm) lined with a piece of
aluminum foil over saturated paper towels. Wet southern yellow pine blocks
(approximately 50 mm x 25 mm x 5 mm) were provided, and the containers covered.
After at least 24 hours in the dark at 28° C, loose material on wood and foil was scraped
up with a spatula and razor blade. Additionally, groups of approximately 50 workers
were placed in plastic vials (approximately 40 mm x 15 mm diameter) containing
moistened filter paper. Vials were loosely capped and maintained at 28º C for one week.
Filter paper as well as surfaces of foil and arenas were scraped with a spatula and razor
blade in an attempt to collect excreta.
Structures constructed in arenas containing wood blocks were pulverized while
still moist with a micropestle in 1.5 ml Eppendorf tubes. Ash content of the structures
was determined following NREL standard LAP 005, as were samples of southern yellow
pine that had not been exposed to termites. The undamaged comparison samples were
been ball milled for 1 hour before being analyzed.
Eighteen groups of approximately 50 workers fed southern yellow pine for at least
72 hours were transferred to preweighed pieces of aluminum foil shaped into a bowl,
which in turn were placed in polystyrene containers (approximately 32 cm x 25 cm x 10
cm) lined with saturated paper towels. The containers were covered and the insects
maintained at room temperature (approximately 23° C). At 3, 6, 20, 24, 40, and 48 hours,
workers were removed from three of the bowls by allowing them to crawl up a Whatman
filter paper disc. After subsequent removal of dead insects and body parts, bowls
containing feces were dried for 20 minutes at 85º C. Bowls were folded closed upon
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removal from heat, and feces weight determined by comparing the original and final
weight of the bowl to 0.01 mg. Similarly, three groups of approximately 500 workers fed
yellow pine for at least 72 hours were placed in polystyrene containers lined with
aluminum foil over saturated paper towels. Containers were covered and the insects
maintained on the surface of the foil lining at room temperature. After 4, 8, 12, 28, and
38 hours, termites were transferred to clean, foil lined polystyrene containers. Following
each transfer, dead termites were removed and feces collected. Feces weight was
determined after drying 15 minutes at 70º C.
Results
Workers maintained in vials did not eat all of the filter paper they chewed.
Numerous pieces of filter paper were observed scattered along the vial surface. No feces
was recovered by scraping filter paper with a spatula, although discoloration of paper
from the liquid feces was apparent. The amount of feces recovered from arenas holding
50 workers in aluminum foil bowls ranged from 0.03 mg to 0.2 mg (Figure 6.1). For
groups of 500 termites, about 1 mg feces total was recovered from multiple collections
over a 38 hour period (Figure 6.1). Ash content of structures built by workers was
0.51%, compared to 0.29% for sound wood.
Discussion
Itakura et al. (1995) reported average collections of 50 mg to 160 mg of C.
formosanus feces per week from replicate laboratory arenas containing 200 workers and
wood. These amounts were at least ten fold higher than was recovered in the current
study from arenas containing starved insects (Figure 6.1). The reason for this
discrepancy could be contamination of fecal samples collected for the earlier study from
70

wood particles. Formosan termites maintained in small groups in laboratory culture
remove a substantial amount of wood without eating it (Figure 6.2) which resemble feces
in size and appearance.
The material comprising these structures crumbles easily when still moist, and
becomes rocklike when dried. If pulverized while moist, it dries to a fine powder.
Considering that groups of starved termites collectively produce only a minute quantity
of feces, little appeared to be used as a construction material for the structures. The
nearly two fold higher ash content of structures compared to ball milled wood may have
been due to cuticle of termite body parts, or from saliva used to cement particles together.
Although construction behavior of termites is different in artificial culture than under
natural conditions (Noirot and Noirot-Timothee, 1969), the removal of wood particles by
C. formosanus is a possible indication for how this species causes greater damage to
structures than most subterranean termites that do not exhibit nest construction behavior.
An interesting observation for wood chewed from blocks by Formosan termites in culture
is shown (Figure 6.3). Workers from a separate C. formosanus colony chewed off wood
pieces from blocks, but did not cement them together (Figure 6.3). The substantial
quantity of wood debris observed in laboratory arenas, whether cemented together or not,
gives an idea of wood damage caused by Formosan termites apart from feeding. In
constrast to C. formosanus workers, groups of native R. virginicus apparently eat most
particles chewed from wood in laboratory arenas (Figure 6.3).
Itakura et al. (1995) applied an equation for digestive efficiency study of
Formosan termites similar to that used in a study of grasshopper digestion by Philippe
(1991):
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((dry weight of X in food eaten – dry weight of X in feces)/(dry weight of
X in food eaten)) (100)

(6.1)

From this equation, Itakura et al. (1995) concluded Formosan termites digest
about 20% of lignin, 40 to 80% of hemicellulose, and 90% of glucose from cellulose or
hemicellulose from Japanese red pine. However, there are various reasons why this
equation is not well suited for study of Formosan termite digestion. Unlike herbivorous
grasshoppers that ingest all the material they remove from a plant, Formosan termites
only eat a portion of the wood they chew off. Therefore, the portion of the equation
requiring a weight of food eaten cannot be directly applied for C. formosanus feeding.
Feces and body parts from cannibalized termites are mixed with wood chewed from
blocks, so it would be difficult or impossible to apply a correction factor to compensate
for wood chewed but not eaten. Also, grasshoppers produce fecal pellets that can be
easily recovered, unlike subterranean termites which produce liquid feces. Finally,
grasshoppers are known to clear their gut within about 24 hours after food removal
(Philippe 1991), allowing for precise measurement of the amount of food consumed in
relation to the amount of undigested material in excreta. However, food transit through
lower termite gut is slowed from ingestion by symbiotic protozoa inhabiting the hindgut
(Slaytor 2000), so it is difficult to know when the Formosan termite gut is completely
emptied of digested food particles. For the current study visual inspection of starved
termites revealed substantial numbers still had darkened abdomens after 48 hours
starvation.
Conclusions drawn about C. formosanus digestion by Itakura et al. (1995) relied
on multiple gas chromatographic measurements, each performed with extracts from about
400 mg of assumed fecal material. Considering that only 0.002 mg to 0.004 mg
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uncontaminated feces was recovered per worker from arenas containing 50 or 500 insects
(Figure 6.1), in order to obtain 400 mg of uncontaminated feces under similar conditions,
100,000 or more insects would be needed for a single chromatographic assay, after
separating insects from debris by multiple laboratory personnel.
Katsumata et al. (2007) concluded a drywood termite species Cryptotermes brevis
(Walker) digests a majority of sugars from wood. C. brevis produces dry fecal pellets, so
uncontaminated samples were easily obtainable for gas chromatographic assay.
Attempting similar methodology for study of C. formosanus digestion appears to be
impractical, since enormous numbers of termites separated from debris would be required
to produce enough feces for a single chromatographic measurement.
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Figure 6.1

Weight of C. formosanus feces collected after food removal from
laboratory arenas, + the standard error of the mean
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Figure 6.2

Structures constructed by C. formosanus workers on 25 mm3 blocks of
southern yellow pine sapwood

Figure 6.3

Laboratory arenas of C. formosanus (left) and R. virginicus (right) workers
containing 25 mm3 blocks of southern yellow pine sapwood
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CHAPTER VII
CONCLUSIONS
Results of this study provide improved and previously unreported information of
subterranean termite digestive physiology and morphology. Sources of carbohydrate,
protein, and nitrogen needed for cellular metabolism in termites were identified.
Soluble proteins were found to be present in measurable quantity in the feces of
three subterranean termite species. As termites are coprophagous, termite feces therefore
provide dietary nitrogen lacking in wood. Uric acid was found to be mostly absent in
feces of three termite species. Lack of uric acid in feces may indicate limited uric acid
production occurs in termites from low nitrogen intake.
Chitinase was confirmed to be active in R. virginicus gut from higher
measurements of N-acetylglucosamine released than for the control. Chitinase specific
activity was subsequently determined along with that for cellulase. A six fold higher
cellulase specific activity compared to that for chitinase provides a measure of the
efficiency by which each enzyme degrades its respective substrates.
High resolution digital scanning electron micrographs allowed for description of
structures not visible to past researchers who relied on light microscopy for observations
of termite genitalia and wood particles recovered from termite gut. The current study
showed the utility of using electron microscopy to examine termite morphological
structures by producing clear images of cuticular structures and holes in enzyme
degraded wood particles as small as bacterial cells. A pair of structures on the female
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abdomen were conspicuous in electron micrographs, but not identified from earlier light
microscopy studies.
An error was identified in an established laboratory assay technique for
determination of digestive efficiency for Formosan termites. An explanation of the error
was provided, and will serve to caution future researchers before digestive efficiency
assays are attempted with subterranean termites.
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